Introduction {#s1}
============

The prevalence of diabetes mellitus is growing rapidly and represents a significant social and healthcare problem worldwide. This chronic disease and its related complications, including retinopathy, neuropathy, nephropathy, and heart failure, have become one of the principal contributors of morbidity and mortality worldwide.^[@R1],[@R2]^ The global prevalence of diabetes in 2010 was estimated 285 million adults and would increase to 439 million by 2030.^[@R3]^ The increasing prevalence of diabetes mellitus and the undesirable side effects associated with commercially available anti-diabetic drugs have led to the investigation of new medication. Dietary plants and herbal preparations have become increasingly attractive alternatives in the prevention and treatment of this progressive disease.^[@R4]^ *Cucumis sativus (C. sativus)*, commonly called cucumber is one such plant that is a member of the Cucurbitaceae family of plants and widely cultivated all over the world. It has been reported that this edible plant has anti-hyperglycemic effects in some animal models.^[@R5]-[@R8]^

A common result of diabetes type 1 and type 2 is the emergence of hyperglycemia, which is typically accompanied by excessive generation of reactive oxygen species (ROS) and reactive carbonyl species (RCS), and/or defective antioxidant defense mechanisms. This indicates a key role of free radicals in the development and progression of diabetes and its pathological consequences. Overproduction of ROS and other free radicals associated with depletion of antioxidant defense systems lead to oxidative stress, which potentiates diabetes-related complications.^[@R9]^ Consequently, the markers of oxidative stress such as membrane lipid peroxidation are elevated in diabetes mellitus patients.^[@R10]^ Hyperglycemia also induces auto-oxidation of glucose, all of which result in the formation of free radicals. During glycation, the carbonyl group on a sugar forms a Schiff base with the amino group. This is known as a Schiff base adduct, which is a reversible intermediate. These chemical damages ultimately result in the formation of irreversible protein modifications well-known as AGEs (advanced glycation end products) and ALEs (advanced lipoxidation end products) through the Maillard reaction.^[@R11]^ Carbonyl stress is defined as the accumulation of RCS and the successive protein carbonylation.^[@R12],[@R13]^

Recent therapeutic strategies have focused on inhibition of glycation and AGE formation. Divers natural and chemical compounds have been considered as the inhibitors of AGE/ALE formation.^[@R14]^ Previous studies have also revealed that the liver is one of the main organs affected by diabetes and that this progressive disease may increase the risk of hepatocellular carcinoma and chronic liver diseases.^[@R15]-[@R20]^ Based on previously published reports on anti-hyperglycemic effects of *C. sativus*, we planned a study evaluating the preventive effects of aqueous fruit extract of *C. sativus* against different cellular and sub-cellular characteristics of cumene hydroperoxide (oxidative stress model) and glyoxal (carbonyl stress model) toxicities in freshly isolated rat hepatocytes. The diabetes-related models with overproduction of ROS and RCS simulate conditions observed in chronic hyperglycemia.^[@R11],[@R21],[@R22]^

Materials and methods {#s2}
=====================

The aqueous extract preparation {#s2-1}
-------------------------------

*C. sativus* fruits were obtained from Shahriar city, Alborz province of Iran. The fruits were approved by Department of Botany, Shahid Beheshti University (Voucher number: 8025, deposited in: Herbarium of Shahid Beheshti University). The fruits were dried at room temperature and decocted in water for 30 min. The extract after filtration was concentrated to the wanted level which had honey-like viscosity. Then 2 g of final extract was placed at 60--65°C for 72 h. The extract was dispersed in distilled water at the wanted concentrations exactly before use.^[@R23]^ We selected an extensive area of concentration for the fruit extract of C. sativus in our pilot study and their protective effects against cumenehydroperoxide (CHP) and glyoxal induced cytotoxicity were evaluated (data not shown). By excluding non**-**effective, poorly effective or toxic concentrations, a concentration of 40 μg/mL was selected.

Chemicals {#s2-2}
---------

Trichloroacetic acid, cumene hydroperoxide, glyoxal, collagenase (from Clostridium histolyticum), bovine serum albumin (BSA), EGTA (ethylene glycol tetraacetic acid), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), acridine orange, O-phthalaldehyde, 2',7'-dichlorofluorescin diacetate (DCFH-DA), and rhodamine 123 was purchased from Sigma-Aldrich Co. (Taufkrichen, Germany). All other chemicals used were of the highest commercial grade available.

Animals {#s2-3}
-------

Male Sprague-Dawley rats weighing 280 to 300 g were housed in ventilated plastic cages over PWI 8-16 hardwood bedding. There were 12 air changes per hour, 12 h light photoperiod (lights on at 0800 h), an environmental temperature of 21--23°C and a relative humidity of 50%--60%. The animals were fed a normal standard chow diet and given tap water *ad libitum*.

Isolation and Incubation of Hepatocytes {#s2-4}
---------------------------------------

Rat hepatocytes were obtained by perfusion of the liver with collagenase. Briefly, general anesthesia was induced and the abdomens of the rats were opened. A cannula was inserted into the portal vein and buffer I and II were slowly infused at 37°C. Buffer I contained BSA and Hanks buffer substituted with EGTA, a specific calcium chelator that chelates away calcium in order to depress cell adhesion. Buffer II consisted of Hanks free of EGTA, CaCl~2~, and collagenase to digest collagen fibers. Then the liver was displaced, cut into small pieces, and suspended in washing buffer. Then the homogenate was filtered and the hepatocytes were suspended in Krebs--Henseleit buffer at the density of 10^6^ cells/ml. All the processes of isolation and incubation were done under the controlled condition that is necessary for viability of the cells.^[@R24]^ Aliquots of hepatocyte suspension were taken at different time points during the 3-hour incubation period.

Cell viability {#s2-5}
--------------

The viability of isolated hepatocytes was determined by the trypan blue (0.2% w/v) exclusion test that is based on the intactness of the plasma membrane.^[@R24]^

Determination of ROS formation {#s2-6}
------------------------------

Dichlorofluorescin diacetate (DCFH-DA) was used to determine ROS production. Nonfluorescent DCFH-DA penetrates the cells and further converts to dichlorofluorescin (DCFH). This compound which is nonfluorescent in turn reacts with ROS and forms highly fluorescent dichlorofluorescein (DCF). The intensity of DCF was measured and expressed as fluorescent intensity (FI) per 10^6^ cells.^[@R25]^ A Shimadzu RF5000U fluorescence spectrophotometer was used for the measurements using excitation/emission wavelengths at 500/520 nm.

Lipid peroxidation assay {#s2-7}
------------------------

Membrane lipid peroxidation was determined by the measurement of thiobarbituric acid reactive substances (TBARS) that stands on the reactivity of malondialdehyde, an end product of lipid peroxidation, with thiobarbituric acid to produce an adduct.^[@R26]^ Beckman DU^®^-7 spectrophotometer was used for the measurement at 532 nm.

Determination of intracellular GSH and extracellular GSSG {#s2-8}
---------------------------------------------------------

A fluorometric assay was used to measure the intracellular glutathione (GSH) and extracellular oxidised glutathione (GSSG) using a spectrofluorometric method.The excitation and emission wavelengths were 350 nm and 420 nm, respectively.^[@R27]^

Mitochondrial membrane potential assay {#s2-9}
--------------------------------------

In the present study, we used a rhodamine 123 exclusion assay to detect the membrane potential of hepatocytes due to its selective accumulation and quenching in mitochondria. Loss of the membrane potential will lead to the release of dye and, consequently, the fluorescence intensity. The dye has been used to monitor mitochondrial function in living cells. Shimadzu RF5000U fluorescence spectrophotometer was used for the measurements using excitation/emission wavelengths at 490/520 nm. Our results were presented as the percentage of mitochondrial membrane potential decline (%ΔΨm) in all the test groups.^[@R28]^

Lysosomal membrane integrity assay {#s2-10}
----------------------------------

Hepatocyte lysosomal membrane stability was determined from the redistribution of tthe fluorescent dye, acridine orange.^[@R29]^ Aliquots of the cell suspension (0.5 mL), which were previously stained with acridine orange (5 µM), were separated from the incubation medium by centrifugation at 1000 rpm for 1 min. The cell pellet was then resuspended in 2 mL of fresh incubation medium. This washing process was carried out twice to remove the fluorescent dye from the media. Acridine orange redistribution in the cell suspension was then measured fluorimetrically using a Shimadzu RF5000U fluorescence spectrophotometer set at 495 nm excitation and 530 nm emission wavelengths.

Measurement of proteolysis {#s2-11}
--------------------------

Lysosomal-induced proteolysis was determined using a fluorescence assessment of tyrosine release.^[@R30]^ The levels of tyrosine was measured using a Shimadzu RF5000U spectrophotometer, set excitation/emission wavelengths at 277/305 nm. The tyrosine contents of the hepatocyte suspensions were measured from a standard curve constructed from the established concentrations of tyrosine.

Protein carbonyl content assessment {#s2-12}
-----------------------------------

The levels of total protein-bound carbonyl were measured by derivatising the protein carbonyl adducts with 2, 4-dinitrophenylhydrazine (DNPH), which results in generation of a stable dinitrophenyl (DNP) hydrazone product. The concentration of DNPH-derivatised proteins was assessed using a molar extinction coefficient of 22,000 M^−1^ cm^−1^.^[@R21]^

Statistical analysis {#s2-13}
--------------------

The homogeneity of variances was tested using Levene's test. The results were expressed as the mean±SD of triplicate samples (n=3) using one way analysis of variance (ANOVA) followed by Tukey's post hoc test. The results with level of significance (*p*\<0.05) were regarded as significant.

Results {#s7}
=======

In the present study, at least 80%-90% of control hepatocytes were viable after 3 h of incubation. The *C. sativus* extract was added to the cells 30 min before addition of CHP and glyoxal. As indicated in [Figs. 1](#F1){ref-type="fig"}-[3](#F3){ref-type="fig"}, CHP and glyoxal significantly increased hepatocyte membrane lysis (cytotoxicity), ROS formation, and lipid peroxidation, respectively. Our results showed a cytoprotective effect of *C. sativus* (40 μg/mL) against cytotoxicity as well as ROS generation and lipid peroxidation ([Figs. 1](#F1){ref-type="fig"}-[3](#F3){ref-type="fig"}). Our results also revealed that after the incubation of hepatocytes with CHP and glyoxal, glutathione depletion (intracellular GSH decrease and extracellular GSSG increase) occurred as a result of ROS generation and lipid peroxidation. *C. sativus* (40 μg/mL) significantly prevented CHP and glyoxal induced GSH depletion ([Fig. 4](#F4){ref-type="fig"}).
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Loss of mitochondrial membrane potential is an obvious marker of mitochondrial dysfunction that rapidly decreased after CHP and glyoxal addition. Again, *C. sativus* (40 μg/mL) effectively prevented mitochondrial membrane potential decline in the hepatocytes ([Fig. 5](#F5){ref-type="fig"}). In this study, acridine orange, a lysosomotropic agent, was applied for the measurement of lysosomal membrane permeabilization and damage. Our results showed that CHP and glyoxal induced a marked increase of acridine orange release into the cytosolic fraction. CHP and glyoxal induced lysosomal membrane leakiness was prevented by *C. sativus* (40 μg/mL) ([Fig. 6](#F6){ref-type="fig"}).
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The release of the tyrosine into the extracellular medium is a marker for the cellular proteolysis. Our results revealed that when hepatocytes were incubated with CHP and glyoxal, proteolysis occurred which was prevented by *C. sativus* (40 μg/mL) ([Fig. 7](#F7){ref-type="fig"}). Protein carbonylation is one of the important markers of carbonyl stress that can be promoted by ROS formation. Our results indicated that glyoxal induced protein carbonylation which was prevented by *C. sativus* (40 μg/mL) ([Fig. 8](#F8){ref-type="fig"}).
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Discussion {#s3}
==========

In the present study, cytotoxicity induced by cumene hydroperoxide (oxidative stress model) or glyoxal (carbonyl stress model) was measured and the protective effects of aqueous extract of *C. sativus* fruit (cucumber) were evaluated in these diabetes-related models. Hyperglycemia represents the main cause of diabetes complications, and it has been demonstrated that oxidative stress and carbonylation have key roles in diabetes complications.^[@R31]^ In addition, lipid peroxidation as a consequence of oxidative stress and diabetes mellitus not only initiates biomembrane disturbance but also produces a collection of reactive carbonyl compounds. Lipid peroxidation and the consequent lipoxidation-derived molecular damage of proteins plays a crucial role in the progression of diabetes complications.^[@R32]^

Glutathione (GSH) is an intracellular antioxidant with reducing and nucleophilic properties that plays an essential role in cellular protection from oxidative degradation of lipids. GSH inactivates free radicals and converts to oxidized glutathione (GSSG) that can either be recovered into GSH or exported out of the cell by specialized transporters.^[@R33]^ Increased intracellular GSSG is a physiological process and is therefore not a suitable feature for evaluating toxicity. This is because GSH and GSSG convert reversibly inside of cells, and elevated amounts of intracellular GSSG can be attenuated by glutathione reductase.^[@R34]^ Rather, elevated extracellular GSSG is an important marker of toxicity because high intracellular concentrations of GSSG cannot be tolerated and it will be exported out of the cell. Therefore, from a toxicological standpoint, decreased intracellular GSH and increased extracellular GSSG are more suitable factors for evaluating depletion of glutathione and occurrence of oxidative stress. As shown in [Figs. 1](#F1){ref-type="fig"}-[4](#F4){ref-type="fig"}, *C. sativus* inhibited cytotoxicity, ROS formation, lipid peroxidation, and glutathione depletion in both oxidative and carbonyl stress models. These findings demonstrate that *C. sativus* acts as a ROS and carbonyl scavenger which can inhibit lipid peroxidation.

ROS overproduction in diabetes is the leading reason for the development and progression of diabetes-related complications. ROS attack diverse mitochondrial biomolecules, inducing mitochondrial DNA mutations and destruction of respiratory enzyme. In addition, peroxidation of polyunsaturated fatty acids (PUFAs) consequent to ROS production and oxidative stress causes RCS formation which plays a critical role in the aetiology and/or development of diabetes. RCS can diffuse further across biomembranes and penetrate the mitochondria, where they react with macromolecules and induce glycation damage inside the organelles.^[@R35]^ Glycation of mitochondrial proteins is extremely destructive which causes mitochondrial dysfunction; so the levels of mitochondrial AGEs must be minimized in diabetic patients. Moreover, ROS and free radicals can target lysosomes and damage lipid membranes. Inside the organelle, the formation of hydroxyl radical via the Harber-Weiss reaction may destabilize the integrity of lysosomal membranes which leads to the release of proteases into the cytosol and occurrence of proteolysis and cell death.^[@R25]^ As shown in [Figs. 5](#F5){ref-type="fig"}-[7](#F7){ref-type="fig"}, our results showed that mitochondrial membrane potential decrease, lysosomal membrane permeabilization and proteolysis were inhibited by *C. sativus*. Therefore, we suggest that *C. sativus* can be considered as a potential candidate for decreasing these sub-cellular toxic events.

Carbonylation of proteins is a permanent event that may alter function or structure of proteins and has a broad spectrum of downstream results. It has been shown that alteration of proteins has a central role in the development of chronic complications in diabetes.^[@R13]^ As shown in [Fig. 8](#F8){ref-type="fig"}, the result suggests that *C. sativus* acts as a cytoprotective agent in carbonyl stress by rescuing hepatocytes from protein carbonylation (Schiff base formation). Furthermore, *C. sativus* inhibits the Maillard reaction and subsequent AGEs/ALEs formation and accumulation.

Conclusion {#s4}
==========

Chronic hyperglycaemia provokes a cascade of events which leads to ROS and RCS formation that act as potential causative factors for tissue damage and the progression of diabetes-related complications. Our results indicated that aqueous fruit extract of *C. sativus* (cucumber) prevented oxidative stress and carbonyl stress in isolated rat hepatocytes. In addition, *C. sativus* prevented the primary stage of protein carbonylation. Considering our results and previously published data demonstrating anti-hyperglycemic effects of *C. sativus*, it can be suggested that cucumber is an ideal candidate for glycemic control and decreasing diabetes-related complications in diabetic patients.
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What is current knowledge?√ Anti-hyperglycemic effects of *C. sativus* fruit (cucumber) have been reported but its protective effect in diabetes complications is unclear.What is new here?√ *C. sativus* (cucumber) prevents all oxidative stress and carbonyl stress markers seen in diabetes complications.
